Abstract: An experimental investigation of the effects of varying flapping kinematics on the mean lift produced by an insect-like flapping wing in hover is presented. This was performed with application to flapping-wing micro-air vehicles (FMAVs) in mind. Experiments were accomplished with a first-of-its-kind mechanical flapping-wing apparatus capable of reproducing a wide range of insect-like wing motions in air on the FMAV scale ($150 mm wingspan). This apparatus gives an insect-like wing the three controllable degrees of freedom required to produce the three separate motions necessary for mimicking an insect-like flapping-wing trajectory: sweeping (side to side), plunging (up and down), and pitching (angle of attack variation). Lift was measured via a force balance while the following kinematic parameters were varied: flapping frequency ( f ), angle of attack at mid-stroke ( mid ), timing of pitch reversal with stroke reversal (rotation phase), stroke amplitude (È), and plunge amplitude (Â). Results revealed that mean lift scaled with f 1.5 and varied proportionally with È. A pitch reversal advanced by up to 5 per cent of the flapping period relative to stroke reversal was found to maximize mean lift, and delayed pitch reversals were detrimental to mean lift. Of the parameters tested, mean lift was also maximized for mid ¼ 45 and Â ¼ 8.6 .
INTRODUCTION
An autonomous airborne system that can operate indoors would be useful for many applications including indoor reconnaissance, search and rescue, and inspection in hazardous areas. Currently, no such system exists. Autonomous unmanned air vehicles (UAVs) and micro-air vehicles (MAVs) including fixed and rotary wing MAVs exist for outdoor use. However, a suitable system for indoor use has yet to be developed. This is because the requirements for this environment are extremely challenging, as they include high energy efficiency, and the abilities to operate at low flying speeds, sustain hover, and perform complex manoeuvres in confined spaces. As discussed by _ Zbikowski [1] , the type of MAV that would best meet these requirements would be a flappingwing micro-air vehicle (FMAV) which mimics the flight of two-winged insects (Diptera). Insects are seen in nature to possess the remarkable abilities to sustain hover and perform rapid and complex manoeuvres in confined spaces. In addition, this mode of flight is apparently efficient [2] and is not susceptible to wall proximity effects as rotary wing MAVs are. A hindrance in the development of FMAVs is the currently limited understanding of various aspects of insect-like flapping-wing aerodynamics. This has prompted the need for further experimental studies on the subject. Probably, the first experiment concerning insect flight using a mechanical flapping-wing model was performed by Bennett [3] who inferred lift forces from induced velocities measured in air. In later studies, using a new mechanical model in air, he investigated the effect of rate of change of angle of attack on lift [4] and studied the growth of lift on a translating wing following the 'fling' of a 'clap-and-fling' manoeuvre [5] . Here, the 'clap-and-fling' is a liftenhancing mechanism proposed by Weis-Fogh [6] and Lighthill [7] in which a pair of wings 'clap' together at the end of a wing stroke and subsequently 'fling' apart. More experiments soon followed on the 'clap-and-fling' by other researchers [8, 9] . Twodimensional (2D) experiments in liquid concerning insect flight, which involved a translating (sweeping) and pitching wing also emerged, starting with that of Savage et al. [10] who performed flowfield measurements with 'streak photographs'. Following this, numerous other similar 2D experiments in liquid followed (including [11] [12] [13] [14] ), most of which involved force measurements and flowfield measurements via particle image velocimetry. Three-dimensional (3D) experiments in liquid also appeared, most notably those performed by Dickinson and his colleagues [15, 16] , who with the 'Robofly' have conducted numerous studies involving force and flowfield measurements. Other similar 3D experiments in liquid have since followed [14, [17] [18] [19] . Over two decades after the first experiment of Bennett [3] , the next insect-like flapping-wing experiment in air to emerge was that of Saharon and Luttges [20, 21] who performed flow visualization with smoke on a pair of dragonfly-like wings in tandem. Nearly a decade later, Ellington [22, 23] conducted numerous experiments involving flow visualization in air with his mechanical flapping-wing model known as the 'flapper'. Later, experiments by Usherwood and Ellington [24] studied a rotating wing in air, on which forces were measured and flow visualization was performed. A number of other mechanical flapping-wing models like Ellington's 'flapper' which operate in air have since emerged. These include those of references [25] [26] [27] [28] , which have been used mostly for flow visualization and some force measurements.
Although a number of experiments concerning insect-like flight have been performed, there is still a great need for more because past experiments have been limited in certain aspects. Two-dimensional experiments are limited in what they can tell us because they do not replicate the prominent 3D flows that insect wings produce, such as tip vortices, spanwise flow, and a stable leading-edge vortex (LEV) [14, 29] . All 3D experiments that have been performed in liquid, with the exception of Dickinson's Robofly experiments, have used mechanical models that do not capture the plunging motion of insect wings. That is, the mechanical models used were only capable of sweeping a wing from side to side and changing the angle of attack. The same is also true for experiments that have been performed in air, where only the experiments by Ellington used a mechanical flapper that could produce and vary wing plunging motions. In reality, the path that an insect's wingtip traces is not a straight line, but rather an irregular self-intersecting shape, typically a figureof-eight. Thus, not capturing plunging motion misses an important aspect of insect-like flight, and limits what can be learnt. Also, prompting the need for further experiments on the subject is the fact that aerodynamic data on insect-like flight are scarce, where the majority have come from studies in the zoological community searching for knowledge of existing (insect) wing behaviours.
The aim of the present and ongoing study by the authors is to address this need for further experimental studies and data on the subject. This study seeks to explore how various kinematic parameters affect the mean lift generated by an insect-like flapping wing in hover, particularly at Reynolds numbers relevant to FMAVs (Re on the order of 10 4 ) for which experiments of this kind have never been performed. For this, a mechanical flapper apparatus (referred to as the 'Flapperatus') has been developed and will be discussed in detail in section 4. The format of this article is as follows. Background on insect flight is presented in section 2 including flapping kinematics (section 2.1) and aerodynamic mechanisms (section 2.2). The aims and objectives of this study are given in section 3, followed by a description of the experimental apparatus (section 4) and procedure (section 5). Errors in the experiment are quantified in an uncertainty analysis (section 6), before the results and discussion are presented in section 7, followed by conclusions in section 8.
INSECT FLIGHT

Kinematics
The motion of an insect's wing is broken down into four parts: downstroke, supination, upstroke, and pronation ( Fig. 1) . Starting with the downstroke, this is the translation of the wing at a relatively constant angle of attack from its most aft and dorsal position to its most forward and ventral position. At the end of the downstroke, supination occurs, which is when the wing rapidly comes to a stop and reverses its direction and angle of attack so that the wing's underside becomes the topside for the subsequent half stroke. The wing then translates with a relatively constant angle of attack back to its most aft and dorsal position, which is referred to as the upstroke. Finally, at the end of the upstroke, the wing pronates when the wing again rapidly comes to a stop and reverses its direction and angle of attack. Pronation and supination can be advanced or delayed by insects relative to stroke reversal to modulate aerodynamic forces [15] . Flapping frequencies for insects range from 5 to 200 Hz, and the path that the wingtip traces takes the form of irregular, self-intersecting shapes typically resembling a figure-of-eight.
From the previous discussion, it can be seen that an insect's wing motion is the composition of three separate motions: sweeping (side to side), plunging (up and down), and pitching (angle of attack variation). The position of the wing at any given moment is defined relative to the stroke plane (Fig. 1) . After Willmott and Ellington [30] , the angle from the x (lateral) axis to the projection of the wing's longitudinal axis (pitch axis) onto the stroke plane is the stroke angle (), the angle between the minimum and maximum stroke angles is the stroke amplitude (È), and the plunge angle () is the position of the wing's longitudinal axis out of the stroke plane. In addition, the angle between the minimum and maximum plunge angles is the plunge amplitude (Â) and the wing's geometric angle of attack relative to the stroke plane is the pitch angle ().
Aerodynamics mechanisms
An insect's ability to produce lift values beyond predictions from steady state theory is a result of several aerodynamic mechanisms. A number of these will be described here, including the LEV, spanwise flow, and the Kramer effect. A detailed discussion on aerodynamic mechanisms relevant to insects may be found elsewhere [14, 31] .
The most important aerodynamic mechanism relevant to insects is the LEV, which was observed to form on the wings of a real hawkmoth and a mechanical model of a hawkmoth (the 'flapper') by Ellington and his colleagues [22] . It is a conical, rootto-tip spiralling vortex formed at the leading edge of a wing travelling at a high angle of attack. It acts to augment lift by increasing the flow velocity over the top surface of the wing. Experiments by Ellington et al. [22] revealed the existence of a spanwise flow through the core of the LEV which occurs as a result of a pressure gradient from root to tip. The LEV starts off small at the root and grows in size and strength towards the tip because of the increase in wing tangential velocity seen along the span from root to tip. The higher flow speeds (and hence lower pressures) in the stronger tip-ward end of the LEV induces a flow from the weaker (and relatively higher pressure) rootward end of the LEV. It was suggested by Ellington that this spanwise flow stabilizes the LEV (which would normally rapidly grow in size and be shed into the wake) and keeps it attached by transporting vorticity from the LEV into the tip vortex [22] . This has been confirmed in computational fluid dynamics (CFD) studies performed by Wilkins [14, 29] , who observed that on a 2D translating wing, the LEV forms and sheds within the first three chord lengths of travel (when Re > 25), whereas a 3D rotating wing forms an attached and stable LEV even at higher Reynolds numbers (Re on the order of 10 4 ). Spanwise flow has been confirmed in numerous studies for Reynolds numbers of 500 and above, and it is generally observed that the peak spanwise velocity is comparable to the mean wingtip speed [14, 22, 32, 33] . It has been observed by Dickinson [34] , that at low Reynolds numbers (Re ¼ 160), spanwise flow is very weak. This led to the conclusion that the structure of the LEV and the strength of the spanwise flow is Reynolds number dependent. This appears to be true as an experiment by Ramasamy and Leishman [32] , which used a very similar wing geometry to that used by Dickinson in reference [34] , saw a strong spanwise flow at Re ¼ 15 500.
As discovered by Kramer [35] , when a wing experiences a rapid increase in incidence beyond the steady-state stall angle, a rapid increase in lift to a level beyond steady state values will follow. This is known as the Kramer effect. During pitch reversals, the angle of attack of an insect's wing rises rapidly resulting in sudden increases in lift as described by this effect. Sometimes this effect is negative where, at the end of pitch reversal, the wing rapidly pitches down causing lift to suddenly fall.
EXPERIMENTAL APPARATUS
The mechanical flapper apparatus (the 'Flapperatus') pictured in Fig. 2 , enables an insect-like wing to be flapped with three controllable degrees of freedom (sweeping, plunging, and pitching). It operates in air on the FMAV scale ($150 mm wingspan) so that it experiences the true flow conditions that a real FMAV would experience. In other words, both the Reynolds number and Strouhal number, which have been noted to be important parameters to preserve in such experiments [36, 37] , were preserved in the present experiments. This is the first ever mechanical flapper to operate in air on the FMAV scale that can produce true three-degrees-of-freedom insect-like wing motions with adjustable kinematics. The parts of it will now be described.
Flapping mechanism
The heart of the experimental apparatus used is the flapping mechanism (Fig. 3) , which produces the desired insect-like flapping-wing kinematics. This mechanism is a patent-pending, three-degrees-offreedom 3-RRR parallel spherical mechanism, where 3-RRR is standard notation used to describe the architecture of parallel mechanisms. The mechanism has three independent kinematic chains each starting with a revolute input (denoted by the underline). Each input then connects to the end effector via a kinematic chain consisting of two revolute joints. In this case, the three revolute inputs are the three concentric drive shafts, and the end effector is the wing. By rotating the drive shafts to the correct angles, the wing may be oriented to a desired stroke (), plunge (), and pitch angle ().
This mechanism is particularly suited to this application for a number of reasons. First, the parallel kinematics associated with the mechanism enable , and flapping frequencies up to 20 Hz in air to be achieved. Second, because of its spherical design, all the components (except the wing) have their centre of mass at the centre of rotation which greatly minimizes vibrations. Finally, this mechanism enables the wing's sweeping, plunging, and pitching motions to be independently controlled. To alter the flapping-wing kinematics, one simply changes the motion profiles of the drive shafts. In comparison, past mechanical flappers have had either fixed flapping kinematics, or have required mechanical components to be adjusted or changed in order to alter flapping-wing kinematics. For further details on the form and operation of the present flapping mechanism, the reader is referred to reference [38] , and for a review of flapping mechanisms designed and used by other researchers, see reference [39] .
Servo motors and cable drive
Each drive shaft of the flapping mechanism was driven by a rotary servo motor coupled via a 1:1 cable drive. Each cable drive consisted of two loops of cable turned through a set of small pulleys and fixed to opposite sides of the motor and drive pulleys. To prevent slippage, the cables were secured to the motor and drive pulleys via clamps, which are allowed by the fact that each drive shaft always rotates less than AE90
. Any slack in the cables was removed by tensioning each cable loop.
Wing position measurement
An incremental rotary encoder was mounted on each drive shaft of the flapping mechanism to enable the drive shaft positions to be measured. With these measured drive shaft angles and the known geometry of the flapping mechanism, the wing position could be calculated at each instant throughout a flapping cycle. The encoder used on the outer and middle drive shafts was a 10 000 PPR (pulse per revolution) differential encoder by US Digital (model E6). On the innermost driveshaft, a 4096 PPR differential encoder also by US Digital (model E5) was used. A custommade data acquisition system consisting of a 32-bit, 80-MHz, 8-core microcontroller (Parallax Inc. protoboard no. 32212) was used to read the encoder positions and output the motion profiles to an SD card.
Force measurement
Aerodynamic force measurements were accomplished via a force balance (Nano-17 by ATI Industrial Automation) fixed to the base of the flapping mechanism. Because of the design of the cable
Fig. 3 Flapping mechanism
Effect of flapping kinematicsdrive, the flapping mechanism was only restrained in the vertical direction by its connection to the force balance. Therefore, all lift forces produced by the flapping wing were sensed by the force balance. Forces from the force balance were acquired by a National instruments data acquisition board (model PCI-6221).
Wing
The wing used on the apparatus (seen in Fig. 3 ) was the same wing designed and manufactured by Galiń ski and _ Zbikowski [40] . The planform shape of this wing originated from the 'four-ellipse' design of Pedersen [41] , and was produced from four elliptic arcs with truncated areas near the root to accommodate mechanical limitations. As illustrated, the wing design consisted of three main spars made from carbon roving, with a membrane made of carbon mat. The entire wing weighed 0.69 g and its length from root to tip was 82 mm. When mounted on the flapping mechanism, the wingtip measured 106 mm from the centre of rotation. The mean chord length was 27.7 mm and the wing area was 2270 mm 2 . Further details on the wing design and manufacturing may be found elsewhere [40] .
EXPERIMENTAL PROCEDURE
The experimental procedure consisted of starting with a baseline set of kinematics and then sequentially varying individual kinematic parameters while keeping all others fixed to observe the resulting change in mean lift. The baseline kinematics used are illustrated in Fig. 4 . These are similar to those used as baseline kinematics in the analytical parametric study of Ansari et al. [36] .
Kinematic parameters that were investigated include flapping frequency ( f ), angle of attack at mid-stroke ( mid ), rotation phase, stroke amplitude (È), and plunge amplitude (Â). Here, stroke and plunge amplitude are as described in section 2.1, angle of attack at mid stroke is simply the wing's angle of attack when the wing has completed half a stroke, and rotation phase describes the timing of pitch reversal with stroke reversal. Positive, zero, or negative rotation phase implies that the wing reaches a 90
angle of attack before, at, or after the end of a stroke, respectively. Rotation phase is quantified in terms of a percentage of the flapping period (T ). For example, at a 20-Hz flapping frequency, a rotation phase of 5 per cent means that the wing begins pitching early so that it reaches a 90 angle of attack 2.5 ms before reaching the end of the stroke. Table 1 lists the different test cases that were examined. It should also be noted that figure-of-eight kinematics were used, in which the wingtip traces the path of a figure-of-eight on the surface of a sphere.
For each test case, vertical force was acquired from the force balance at a rate of 1200 Hz over a period of more than 150 flapping cycles. This sampling rate was 60 times greater than the maximum flapping frequency, which is sufficiently high when compared to the cut-off frequencies used in similar experiments [11, 16] . Three minutes prior to and 3 min following each data acquisition, unloaded measurements were taken. This was done to detect any voltage drift in any of the force balance's channels and then correct the force measurements by interpolating between the unloaded readings before and after the data acquisition. Mean lift for each test case was obtained by simply averaging the acquired data. It should be noted that when averaging the acquired force data, inertial forces from the wing and mechanism rapidly accelerating and decelerating will cancel since they are symmetric. In addition, for each test case, the mechanism's drive shaft angles were measured (via the mounted rotary encoders) to allow the wing position to be reconstructed and, hence, obtain the true kinematic parameters (T, mid , rotation phase, È, Â). 6 UNCERTAINTY ANALYSIS
Force measurement uncertainty
To verify that the procedure described in section 5 for measuring mean lift was reliable, a series of experiments was performed to quantify the error. In these experiments, the wing was removed and known masses were loaded onto the outermost driveshaft of the flapping mechanism. Mean vertical force was then measured using the aforementioned procedure, and the result was compared to the weight of the known masses to compute the error. This was performed using a number of masses ranging up to $25 g. Results revealed an error of 0.02 N (95 per cent confidence level) on the mean calculated vertical force. This error was observed to be independent of flapping frequency and flapping kinematics. For all force measurements presented in this article, a measurement uncertainty of AE0.02 N should apply.
Wing position uncertainty
The sources of error on an instantaneous wing position measurement included backlash in the flapping mechanism and uncertainty in the measured mechanism drive shaft angles. Backlash only affected the wing's plunge angle and was 0.3 in the plunge direction. The uncertainty on the drive shaft angles originated from the resolution of the respective encoders, which was 0.036 for the outer and middle shaft encoders and 0.088 for inner shaft encoder. When this uncertainty was propagated through to the wing position, the resulting maximum error on the wing's stroke, plunge, and pitch angle was found to be , and 0.6 for T, mid , rotation phase, È, and Â, respectively.
It is also of interest to know how the flapping kinematics varied over the course of many flapping cycles for a given test case, since force measurements were averaged over the course of more than 150 flapping cycles. If kinematics varied significantly, then the resulting average force measurement would be contaminated with effects from changing kinematics. To determine the repeatability of the wing position, the flapping mechanism's drive shaft angles were measured throughout $1000 flapping cycles with the baseline kinematics illustrated in Fig. 4 . By averaging the resulting wing positions, a time history of the mean wing position throughout a single flapping cycle, was obtained. This will be referred to as a 'mean flapping cycle'. The difference of the wing position from the position at the corresponding point in the mean flapping cycle was then determined throughout the $1000 measured flapping cycles. Ultimately, this revealed that the stroke, plunge, and pitch angles had standard deviations of 0.1 , 0.07 , and 0.17 , respectively. Similarly, computing the differences between the kinematic parameters throughout the large sample of flapping cycles with those of the mean flapping cycle revealed a standard deviation on T, mid , rotation phase, È, and Â of 15 s, 0.2 , 0.2 per cent, 0.04 , and 0.08 , respectively. This analysis was repeated with the test case with the largest plunge amplitude listed in Table 1 , and the results were very similar. Therefore, the flapping kinematics for a given test case were shown to be very repeatable and the kinematic parameters were held virtually constant.
Treating the wing position variability determined previously as a form of wing position error and including the other two sources of error arising from backlash and measured driveshaft angle uncertainty, the total uncertainty values on the wing's stroke, plunge, and pitch angle were AE0.1 , AE0.3 , and AE0. 5 , respectively. Similarly, for the kinematic parameters, the total uncertainty values were AE41 s, AE0.5 , AE0.3 per cent, AE0.2 , and AE0.6 for T, mid , rotation phase, È, and Â, respectively. These uncertainties are conveyed in the error bars on the graphs presented here. It should be noted that these are uncertainties in the position of the wing base where the wing was attached to the flapping mechanism, thus, wing flexion is ignored. The degree of wing flexion beyond this attachment will be considered next.
Wing flexing
High-speed photography was used to give an indication of how the rest of the wing beyond the wing base behaved during the experiment. White dots were painted on the wing in the following three places: at the tip coincident with the pitch axis, at the leading edge at 75 per cent span, and at the trailing edge at 75 per cent span. High-speed videos (1200 fps) were taken of the wing at the mid-stroke and end-ofstroke positions. For the mid-stroke position, the camera was aligned such that the camera axis was perpendicular to the wingspan and the vertical direction. In recordings of the end-of-stroke position, the camera axis was collinear with the wingspan and perpendicular to the vertical direction. Images of the wing stationary in the same mid-stroke and end-ofstroke positions were taken to provide a 'no flex' comparison. The displacement of the dots on the wing between the 'no flex' image and the corresponding image from high-speed photography could then be used to determine the angular displacement of the wing using a calibration. The vertical and horizontal shifts of the dot at the wingtip were used to calculate degree of flexing in the plunge and stroke direction, respectively. The change in distance between the dots at the leading and trailing edge was used to calculate the change in pitch. This analysis was performed on test cases which saw high mean lift and high inertial loads.
It was observed that at mid-stroke, the wing flexed upwards in the plunge direction by on average 2 , and the change in the angle of attack at 75 per cent span was on average 5 in the pitch-down direction. At the inboard sections of the wing, there was no noticeable change in the angle of attack. A lower angle of attack towards the tip is expected because the speed and hence the lift in the outboard sections of the wing is higher. The pitch axis was located almost at the wing leading edge; thus, lift forces created a pitching-down moment, resulting in a twist along the span. Assuming a linear twist along the span, the degree of twist on the wing was on average 0.08 degree/mm in the pitch-down direction.
Due to the rapid deceleration at the end-of-stroke position, the wing was observed to flex by an average of 5 in the direction that increased stroke amplitude. Also, the wing was observed to flex momentarily upwards in the plunge direction by an average of 4 within the first chord length of travel when the wing began accelerating into the next half stroke. Soon after the first chord length of travel, the vertical flex of the wing was seen to reduce to the level observed at mid-stroke (2 ).
RESULTS AND DISCUSSION
Flapping frequency
Increasing flapping frequency increases mean lift, and generally results in a decrease in mean lift coefficient, as illustrated in Fig. 5 . The lift coefficient decreases in this case, because the ratio of mean lift to average wingtip speed decreases as flapping frequency increases. The observed increase in mean lift with flapping frequency is to be expected since increasing flapping frequency proportionately increases the average wing speed which results in higher lift. Fitting a power law to the data reveals that mean lift varies directly with f 1. 5 , which is lower than expected since conventionally lift varies with the square of velocity. Although f to a power as high as 2.1 can fit within the error bars, an exponent of less than 2 makes sense physically because, throughout a flapping cycle there are periods where the wing sheds its wake and loses lift, which brings down the average lift. This was a note made by Ansari et al. [36] , who, in their analytical parametric study, saw that lift varied with f to a power slightly less than 2. In their study, a rigid wing was used, whereas the present experiments used a non-rigid wing which would have dampened the sudden spikes in instantaneous lift, resulting in smaller values of mean lift (in comparison to analytical predictions with a rigid wing) sensed at the root.
Angle of attack at mid-stroke
The effect on the mean lift of angle of attack at midstroke is illustrated in Fig. 6 . Here, it can be seen that mean lift and the mean lift coefficient peak at an angle of attack of 45 , declining either side of this value. An explanation for this is provided by Wilkins [14] who, in a CFD study, observed the same trend illustrated in Fig. 6 with peak mean lift also occurring at an angle of attack around 45 . He observed that increasing angle of attack increased the stable size of the LEV, which had the effect of increasing the wing-normal force. From 0 to 45 angle of attack, he found that the increase in normal force was great enough that its vertical component (lift) would increase despite the fact that the normal force points in an increasingly horizontal direction. Beyond an angle of attack of 45 , the increase in normal force became less steep, which combined with an increasingly horizontal normal force resulted in lift decreasing. The net aerodynamic force acting on an insect-like flapping wing has been shown experimentally to act nearly normal to the wing surface [16] . Thus, this explanation seems appropriate to explain the trend presented here. It is also interesting to note that experiments by Sane and Dickinson [16] , and Usherwood and Ellington [24] , which were performed at Reynolds numbers on the order of 10 2 and 10 3 , respectively, found that the mean lift coefficient reaches a maximum between 40 and 50 angles of attack. Therefore, results presented here show this trend extends to Reynolds numbers on the order of 10 4 . Figure 7 illustrates the effect of rotation phase on mean lift. Recall that a positive, zero, or negative rotation phase means that during pitch reversal the wing reaches a 90 angle of attack before, at, or after the end of a half stroke, respectively. It can be seen that mean lift and mean lift coefficient peak at a rotation phase of about 5 per cent, and that negative rotation phases are especially detrimental to lift production.
Rotation phase
It has been noted by Ansari et al. [36] that the benefits of an advanced pitch reversal and the detriments of negative ones are a consequence of the Kramer effect (see section 2.2 for a description of the Kramer effect). Here, for an advanced pitch reversal (positive rotation phase) the wing begins to pitch up sooner than it would with a 0 per cent rotation phase. According to the Kramer effect, the rapid change in pitch will be accompanied by an increase in lift. Since pitch reversal is advanced, the wing will have a higher speed while it is pitching and hence more lift compared with a 0 per cent rotation phase.
As rotation phase is increased, however, the segment where the wing travels with a negative angle of attack before coming to the end of the stroke gets longer. Beyond a 5 per cent rotation phase, the length of this segment and the negative lift it produces appears to negate the lift-enhancing benefits of pitching the wing early. As rotation phase decreases below zero, lift drops dramatically. This is because, as the wing begins to pitch later and later, the wing starts with an increasingly negative angle of attack at the start of the subsequent half stroke. When the wing starts a half stroke with a negative angle of attack, it suffers a negative Kramer effect, where the wing rapidly pitches down, resulting in a sharp increase in negative lift. It is interesting to note that results of Ansari et al. [36] also determined a rotation phase of about 5 per cent to be optimal for creating lift, and the trend of mean lift versus rotation phase observed was very similar to that illustrated in Fig. 7 .
A rotation phase of 5 per cent was also found experimentally by Sane and Dickinson [16] to maximize lift along with a stroke amplitude, angle of attack at midstroke, and 'flip duration' of 180 , 45 , and 10 per cent, respectively. Here, 'flip duration' is the time taken for pitch reversal to occur as a percentage of the flapping period (T). For the present experiments, this parameter was approximately 50 per cent. Although this is different, the result is interesting as it implies that the benefits of an advanced rotation phase are independent of the time it takes for pitch reversal to occur. It is worth noting that given the similarity between the mean lift measurements at 0 per cent and 5 per cent rotation phase, combined with the measurement error, the mean lift peak could occur anywhere in this range. Further measurements are needed to clarify this. Figure 8 shows that the mean lift and mean lift coefficient scale proportionately and inversely with stroke amplitude, respectively. An increase in mean lift is expected because increasing the stroke amplitude, while keeping the flapping frequency constant requires the wing to travel over a greater distance in the same period of time. Thus, as the stroke amplitude increases, so does the mean wing speed and hence the lift. However, as the stroke amplitude increases the ratio of mean lift to mean wingtip speed squared (L/V 2 term in the coefficient of lift equation) decreases resulting in a decline in mean lift coefficient.
Stroke amplitude
Since lift conventionally scales with the square of velocity, and the mean wing speed scales with stroke amplitude, it would be expected that mean lift would scale with the square of stroke amplitude. However, the relationship between stroke amplitude and mean lift appears to be a linear one, where doubling the stroke amplitude roughly doubles the lift. The study of Ansari et al. [36] also observed a linear relationship between mean lift and stroke amplitude. As noted by Ansari et al., this relationship is a consequence of the discovery of Wagner [42] that the more chord lengths a wing travels from rest at high angle of attack, the more likely it is to experience vortex shedding and its inhibitory effects on lift. As stroke amplitude, and hence the distance that the wing travels, increases for the same flapping frequency, the wing becomes more vulnerable to vortex shedding which counteracts the positive effects of the increase in mean wing speed.
Plunge amplitude
Increasing plunge amplitude has only a small effect on mean lift and mean lift coefficient (Fig. 9) . As plunge amplitude increases, the mean lift increases slightly and reaches a maximum at 8.6 , whereas mean lift coefficient reaches a maximum at 4.8 . Here, the peak in mean lift coefficient occurs at a different angle than the peak in mean lift because the ratio of mean lift to mean wingtip speed is greater at a plunge amplitude of 4.8 than at 8.6 . Beyond these angles, further increases in plunge amplitude reduce both mean lift and mean lift coefficient.
A possible explanation for the observed trend is that, as with increasing stroke amplitude, increasing the plunge amplitude also increases the distance that the wing must travel in the same period of time. Thus, for a fixed stroke amplitude and flapping frequency, this will bring an increase in the mean wing speed and should increase lift. However, as noted by Ansari [31] , increasing plunge amplitude also means that the wing travels more chord lengths, and hence, is more prone to the negative effects of vortex shedding according to Wagner [42] . Thus, similar to the case of increasing stroke amplitude discussed previously, it seems logical that the greater mean wing speed that comes with larger plunge amplitudes will have a linear increase in lift.
The change in mean wing speed for a given change in plunge amplitude is, however, quite small. Increasing the plunge amplitude from 1.7 to 8.6
increases the mean wing speed by about 2 per cent. Although this is a small change, the increase in lift between the 1.7 and 8.6 plunge amplitudes is also small. Thus, this lift peak could be attributed to an increase in mean wing speed. However, this does not explain why mean lift falls beyond a 8.6 plunge amplitude.
The decreasing mean lift at high plunge amplitudes could be attributed to an increase in effective angle of attack. This increases for greater plunge amplitudes since the wing's velocity has a downward component. The angle of attack at mid-stroke for these experiments was set to 45
; thus, as the plunge amplitude was increased, effective angle of attack would have risen beyond 45 . According to Fig. 6 , beyond 45 , mean lift falls. Increasing the plunge amplitude in this case up to 8.6 would have increased the effective angle of attack by 7.4 , bringing it up to 52.4 . This is still in the 'plateau' region in Fig. 6 where changes in angle of attack give only small changes in mean lift. Thus, up to a plunge amplitude of 8.6 , the positive effects of increased mean wing speed possibly dominate over the negative effects of increased effective angle of attack. Beyond an angle of attack of 55 , however, lift falls more sharply. Hence, above a plunge amplitude of around 8.6 , the negative effects of increased effective angle of attack appear to dominate over the positive effects from increased mean wing speed.
All the measurements shown in Fig. 9 are roughly in the same error band, and so it is possible that the trend observed here is simply due to measurement error. For instance, the true trend could simply be a positive or negative sloping line, both of which can fit within all the error bars. To test if the trend observed here was genuine, the experiment was repeated and it was again revealed that mean lift peaks at a plunge amplitude of 8.6 , after which, it declines as plunge amplitude increases further.
CONCLUSIONS
The key findings from the present experiments are as follows.
1. Mean lift scales with flapping frequency raised to a power of approximately 1.5. 2. Of the angles of attack tested, a 45
angle of attack at mid-stroke produces optimal mean lift. 
